In this letter, we present the study of the high-frequency mixing properties of ion irradiated YBa2Cu3O7 Josephson nano-junctions. The frequency range, spanning above and below the characteristic frequencies fc of the junctions, permits a clear observation of the transition between two mixing regimes. The experimental conversion gain was found to be in good agreement with the prediction of the three ports model. Finally, we discuss the potential of the junctions to build a Josephson mixer operating in the terahertz frequency range.
devices. Over the past years, a new approach based on ion irradiation has been developed to make Josephson nano-junctions with high temperature superconductors. This method has been used to make reproducible junctions [9, 10] , SQUIDs [11] and large scale integrated Josephson circuits [12, 13] . In this Letter, we present a study of the high-frequency mixing properties of Josephson nano-junctions made by this technique. We used 70 nm thick YBa 2 Cu 3 O 7 films grown on sapphire substrates. The junction is defined in a 2 µm wide superconducting channel by irradiating through a 20 nm wide slit with 100 keV oxygen ions at a fluence of 3×10 13 at/cm 2 . The fabrication method has been described in detail in reference [14] . The junction is connected to contact pads for dc biasing and to a microwave transmission line to read the output signal. The back side of the sapphire substrate is placed in contact with a silicon hyper-hemispheric lens located at the focal point of a parabolic mirror To study the mixing properties of the junction, a strong local oscillator signal at frequency f LO and a weaker test signal at frequency f s are injected through the optical window of the cryostat. Three different ranges of frequency have been investigated :
. Figure 3 shows the output power measured at the intermediate frequency
5GHz as a function of the dc voltage V across the junction. In these measurements, the power of the local oscillator has been set to reduce the critical current to approximatively half of its value as it corresponds to an optimal operation point for mixer performances. In the regime f LO < f 
where the u, l, 0 stand for USB, LSB and IF respectively, and V j and I i are the voltages and currents at those respective frequencies. Each element Z ij is simply the ratio of the voltage at the relevant frequency V j with the current injected I j . The diagonal elements are the impedances of the junction at the corresponding frequencies whereas the off-diagonal elements give the non-linearity necessary for mixing. The matrix elements can be calculated by including small signals at the USB and IF in the RSJ model pumped by the LO signal. The thermal noise is included in the model by the addition of an uncorrelated Gaussian distributed random current fluctuation of variance σ 2 = Γ/∆τ , where Γ = 2ek B T /hI c is the dimensionless RSJ noise parameter and ∆τ is the normalised time step. The matrix is calculated for each value of the bias current and averaged over many realisations of the matrix to take into account the thermal noise. In order to determine the conversion efficiency, we introduce the external part of the circuit described by the diagonal impedance matrix Z ext whose elements Z u , Z l and Z 0 are connected to the mixer inputs. Here Z u and Z l represent the impedance of the spiral antenna (80Ω) and are taken to be identical. Z 0 is the 50Ω impedance of the microwave readout line. The conversion efficiency is defined as the ratio of the IF power dissipated in the impedance Z 0 to the available test signal power on Z u (or Z l ). It can be derived from the conversion matrix [17] 
where Y 0u is the matrix element of the Y matrix defined by Y = (Z + Z ext )
As shown in figure 3d , the experimental data are in good agreement with the theoretical calculations derived from the three ports model [17] . In particular, it describes well the crossover from the first regime f LO < f . For the cases f LO =20GHz and 70.5 GHz, the noise parameter Γ was taken to be 0.026
corresponding to a critical current of 100µA at 58K. For the case f LO =140GHz, it was not possible to obtain a quantitative agreement with Γ = 0.026. The best fit, shown in the figure, was obtained for Γ = 0.06 indicating that the junction is submitted to an extra noise, equivalent to an effective temperature twice larger than the physical one.
The conversion efficiency takes a maximum value of 0.3% at 20GHz and decreases to 0.02% at 140GHz. Its overall weak absolute value is due to the low impedance of the junction (approximatively 2Ω) compared to the external impedances Z u and Z 0 , a problem that could be overcome by modifying the geometry of the junction. In principle, the impedance of the junction could be increased easily up to 20 Ω by changing both the width and the thickness of the junction, leading to a much higher conversion efficiency.
Although the ion-irradiated Josephson junction fabricated for this study has a characteristic frequency well below any reasonable estimate of the YBa 2 Cu 3 O 7 gap frequency, several developments can be made to optimize the I c R n product [18, 19] . In particular, a higher fluence of irradiation combined with an annealing of the sample should lead to a qualitative improvement [20, 21] . Let us also mention that junctions made recently by irradiation through larger slits display f c values up to 500 GHz (Supplementary Material figure 1 ). This is a promising result although their mixing properties have not been measured yet.
In conclusion, we have demonstrated the mixing operation of ion-irradiated YBa . In the short term, characteristic frequencies of order 500 GHz at T>40 K are entirely within reach enabling mixing operation up to ∼1THz. In addition, the natural scalability of the ion irradiation technique [13] makes it particularly interesting to implement, next to the mixer, an integrated Josephson local oscillator made of a large number of junctions and whose frequency could be tuned by dc biasing [22, 23] . 
Supplementary Material

Irradiation through slits of different widths
The junction presented in the article is defined in a 2 µm wide, 70nm thick, YBa 2 Cu 3 O 7 superconducting channel by irradiating through a 20nm wide slit with 100keV oxygen ions at a fluence of 3×10 13 at/cm 2 .We have also made junction irradiated through 30 nm, 40 nm and 100 nm wide slits. Supplementary figure 1 shows that these junctions exhibit a higher I c R n product. In particular, junction irradiated through a 100 nm slit has a maximum characteristic frequency of approximatively 500 GHz, which should enable mixing operation up to 1THz at temperature around 40K. In addition, these junctions have a higher resistance R n and are therefore easier to match with the antenna and readout circuit impedances. 
